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Because of lunar librations, the retroreflectors left on the moon do not, in general, face directly 
at the Earth. Usually this is regarded as a disadvantage. It results in a spread of arrival times, 
because each cube that comprises the retroreflector is at a slightly different distance from the earth. 
However, we can turn this same effect into an advantage. Using pulses and detectors somewhat 
faster than those currently used for lunar ranging, we can resolve at least some of the structure of a 
retroreflector, at least when the libration angles are large. This additional structure in the transfer 
function means that a unique mm level fit can be obtained with many fewer photons. Fitting to 
the expected reflector transfer function in general requires fewer photons than straight averaging, 
and smoothly reduces to averaging in the cases where no structure can be resolved. The gains from 
resolving the reflectors are largest at large libration angles, exactly the case where averaging is most 
inefficient. In these cases the number of photons needed can be reduced by an order of magnitude or 
more. Analysis shows that angles for which the gain is very high happen several times each month, 
with the details depending on the exact librations. Experimental validation of this technique should 
be possible with existing SLR stations and mockups of the lunar reflectors. 



INTRODUCTION 

Although the moon is tidally locked to the Earth, the 
Earth is not always in the exact same position in the 
lunar sky. Because the moon's orbit is eccentric, the 
Earth appears to move about 7.7 degrees east and west 
around its mean position over the course of an orbit. 
Because the moon's orbit is tilted with respect to the 
ecliptic, the Earth appears to move about 5.5 degrees 
north and south of its nominal position as well. These 
effects together are known as lunar librations. 

These lunar motions have practical implications for Lu- 
nar Laser Ranging (LLR) . The reflectors left on the moon 
are are fixed with respect to the surface and do not track 
the earth. If the reflectors on the moon were comprised 
of a single corner cube, this misalignment would matter 
very little, since corner reflectors by design have equal 
path lengths to any point on their surface, for any an- 
gle. However, in order to get enough cross section for a 
practical signal strength, while keeping the weight low, 
the lunar retroreflectors consist of a planar array of cor- 
ner cubes. When the normal to this plane does not pass 
through the ranging telescope (which it normally does 
not), this adds dispersion to the returned pulse, since the 
individual corner cubes are at different distances from the 
telescope. 




FIG. 1: The Apollo 14 retro-refiector on the moon. 



The Apollo 11 and 14 reflectors 

The Apollo 11 (All) and Apollo 14 (A14) reflectors are 
square, with 10 rows and 10 columns of circular corner 
cubes, each 38 mm in diameter. The spacing from row to 
row and column to column is roughly 46 mm. A photo 
of the A14 reflector on the moon is shown in Fig. ^ 



THE LUNAR RETROREFLECTORS 



There are 4 commonly used retro-reflectors on the 
moon, of three different designs. Since the details are 
crucial to our discussion, the three designs are reviewed 
here. 



The Lunakhod reflectors 

These reflectors feature 14 triangular corner cubes, ar- 
ranged in a hexagonal packing. Each triangle is about 
106 mm on a side. The hexagonal design yields 6 fold 
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FIG. 2: Photo of the Lunakhod reflector. The triangles are 
the corner cubes. Each triangular corner cube is 106 mm on 
a side. From ^ 



symmetry rather than the 4 fold of the All design. Since 
the Lunakhod reflector is not as well aligned to earth (it 
is believed to be about 5 degrees off from the mean Earth 
positional), there will be at least some times when the 
deviation from normal is higher than it will ever be for 
a better aligned array, such as those of Apollo (believed 
to be within about 1 degree of the mean position 1]). A 
photo of a Lunakhod retroreflector is shown in Fig. |21 

The Apollo 15 reflector 

This is a larger reflector, with 300 corner cubes in two 
panels, using close (hexagonal) packing. Each individual 
reflector is similar to those of Apollo 11 and 14 - 38 mm in 
diameter. One panel has 204 reflectors in 17 columns of 
12 rows, then there is a gap, then there is another panel 
of 96 reflectors in 8 columns of 12 rows. The total array 
dimensions are 1.05 meters by 0.64 meters. Fig. |31is a 
drawing of the whole apparatus. Fig. ^is a photograph 
of the reflector on the moon, showing the hexagonal close 
packing. 

THE PROBLEM 

To understand the order of magnitude of the problem, 
a meter sized reflector with a 7.7 degree misalignment 
has path lengths that vary by up to 26 cm depending on 
which cube reflects a given photon. This results in about 
a ±430 ps spread in arrival times. A more detailed anal- 
ysis, assuming each photon has an equal chance of being 
reflected by each corner cube, and using the physical di- 
mensions of the A15 array, is shown in Table 1. This table 
shows the dispersion of the Apollo 15 array as a function 
of the east-west and north-south librations. This is con- 
sistent with the conclusions of the OCA group Ij. (In 
this plot, and all tables and plots to follow, only the first 
quadrant of possible librations is shown. This is sufficient 
since for all of the reflectors considered here, the other 



8.0 


148.0 


163.3 


202.4 


254.5 


312.9 


6.0 


111.1 


131.2 


178.2 


236.6 


299.5 


4.0 


74.2 


102.1 


158.6 


222.8 


289.4 


2.0 


37.1 


79.6 


145.5 


214.1 


283.2 


0.0 


0.0 


70.5 


140.9 


211.1 


281.1 




0.0 


2.0 


4.0 


6.0 


8.0 



TABLE I: Dispersion in ps (rms) as a function of the east-west 
and north-south angles (in degrees) for the Apollo 15 array. 
The same angle North-South causes less dispersion since the 
array is wider than it is tall. 
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TABLE II: Minimum number of photons needed for a 1 mm 
measurement, as a function of libration angles, using existing 
equipment. Computed by taking the reflector dispersion from 
Table I, adding 50 ps in quadrature for the system response, 
then computing how many photons must be averaged to bring 
the rms value down to 6.6 ps (1 mm in range). 



quadrants are just mirror images of the flrst quadrant, 
reflected about the X or Y axis, or both.) 

With modern ranging systems this dispersion is the 
largest component of ranging error budget, as the other 
errors have been reduced dramatically since the early 
days of Lunar Laser Ranging. The total of all other un- 
certainties is only 60-75 ps for the OCA station, and is 
estimated as 52 ps for the Apache Point effort |j| (cur- 
rently under construction). The OCA paper 0, Figure 
7, has a very nice plot showing that the received disper- 
sion is in fact very close to what would be predicted from 
the reflector mis-alignment at the time of measurement. 
They conclude that the combined effect of all system jit- 
ter, excluding only the retroreflector, is only 60 ps. "Nu- 
merically, one gets: (JBesiduaio = 60 ps in the case where 
the retroreflector dispersion is 0." 

The best measurements today have at least several mm 
of uncertainty. This is a product of two effects. First, 
each photon is uncertain because of retro-reflector dis- 
persion. Second, there are few photons since the total 
link efficiency is so low. To reduce the rms variation 
down to 6.6 ps (1 mm in range), in the straightforward 
way, thousands of returned photons must be averaged. 
Table ^ shows how many photons must be averaged to 
drive the rms accuracy down to 1 mm, as a function of 
East- West and North-South librations. It assumes the 
A15 reflector and a 50 ps system response. The Apache 
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FIG. 3: Line drawing of A15 reflector, from Note tfie gap between the two sections. 




FIG. 4: Photo of the A15 reflector as left on the moon. 



Point program jj,|5j hopes to accomplish the averaging of 
table im directly, using a large telescope and good seeing 
as their primary tools. 



TAKING ADVANTAGE 

However, perhaps the reflector dispersion can be used 
to advantage. First, note that by design a single cor- 
ner cube will have the same optical path length no mat- 
ter where on its surface the photon hits. Even with the 



inevitable manufacturing errors and thermal distortions, 
the response of a single corner cube will be nearly a delta 
function, just a tiny fraction of a ps wide. 

Next, as a thought experiment, imagine the case where 
the Earth, as seen by the All reflector array, is 7.5 de- 
grees directly east or west. In this case the response of 
the detector depends only on which column of the array 
reflects each individual photon. Each column is delayed 
from the next by 

At = £> • 2 • sin(a)/c 

where D is the distance between the columns, a is the 
angle off axis, and c the speed of light. For the Apollo 
11 and 14 reflectors, D is about 46 mm, and even if the 
reflector is perfectly aligned to the mean Earth position, 
the Earth will sometimes get at least 7.7° off axis. This 
gives a time delay of 40 ps per column. Thus the overall 
response in this case consists of a comb comprised of 10 
delta functions, separated from each other by 40 ps. Fig- 
ure|31shows this response, with the delta functions broad- 
ened for clarity. Resolving individual retro-reflectors is 
not just a theoretical effect - it has been seen while rang- 
ing satellites. The Satellite Laser Ranging (SLR) station 
of the IWF, in Graz, Austria, has been able to resolve the 
individual retro-reflectors on several satellites, thanks to 
their short pulse (10 ps) KHz Iaser0,0,l3- From their 
2004 annual report: " Detecting single corner cubes of a 
retroreflector: The kHz laser system now allows for iden- 
tifying single retro-reflectors, i.e., individual corner cubes 
of the laser retroreflectors for most of the satellites. This 
identification can be done on the basis of the distribu- 
tion pattern of the return signals (Fig. 2.8), which is sig- 
nificantly different from the pattern of special satellites. 
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FIG. 5: Response of All (or A14) retro-reflector when East-West libration is 7.5 degrees, and North-South hbration is 0, as 
measured from the reflector normal. Peaks have been made wider for clarity. 



like e.g. the Russian LaRetC, CHAMP, GRACE-A and 
GRACE-B, which have been designed specifically with 
only 1 retro being active at any time." 

What would it take to resolve the corner cubes on the 
lunar retro-reflectors? The comb function response of 
the retroreflector array itself must be convolved with the 
system response to determine the visibility of the fluctu- 
ations. If the system response is 30 ps rms or greater, 
the comb function is completely washed out. (See Figure 
EJ. At 20 ps rms, we begin to see wiggles in the response 
function, and at 10 ps the contrast is about 4:1 and can 
be easily resolved. 



PREVIOUS WORK ON RESOLVING LUNAR 
REFLECTORS 

There is a large body of work on lunar laser ranging^, 
Hol llH . However, none of these appear to consider at- 
tempting to resolve the structure of the reflectors. The 
Apache point effort 0,1^ explicitly relies on averaging to 
get mm level measurements. They note that their sys- 
tem should be able to generate a range profile of each 
refiector, and measure, at least crudely, the shapel2] of 
the refiector. Resolving the reflector cubes is one more 
step in the same direction. 

The OCAQ is also, indirectly measuring the reflector 
size (and shape, if they measure the size at a number of 
libration conditions). However, they also treat reflector 
dispersion as an unavoidable obstacle: "As long as almost 
all the echoes are obtained only on the largest Apollo XV 
retroreflectors, a major improvement of the LLR station 
precision is not useful. " 

Another paper on possible improvements to Lunar 



Laser Ranging|l3| concludes: "The only way to improve 
measurement uncertainty in a passive array design is via 
a sparse array of small corner cubes." This seems un- 
necessarily pessimistic - the existing arrays are sparse 
enough. 

The SLR community has long been interested in re- 
solving the individual corner cubes, and has done so in 
some cases 0, 0, 13 ■ 



IMPROVING THE RESPONSE FUNCTION 

What would it take to reduce the system response jit- 
ter to the point where the the modulation of the transfer 
function is visible? This seems hard but possible - the 
satellite laser ranging community has been working to- 
wards mm precision for years. Much of this effort has 
gone into decreasing the system RMS (since they are not 
as photon poor as lunar ranging) . A study of atmosphere 
induced jitter by the SLR station in Graz, for example, 
measures an 8 ps RMS error to a flxed target 6 km away, 
and notes "Close to the machine RMS" |lj|. This was 
done by (conceptually) straightforward improvements to 
the process - shorter pulses, a better event timer, and 
adjusting the pulse strength to minimize photodetector 
jitter. Unfortunately the pulse strength that minimized 
the jitter was thousands of photons per pulse, a pulse 
strength impractical for lunar ranging. 

Can a very fast (10 ps or less) system response be 
obtained with any likely upgrade to the lunar laser fa- 
cilities? Looking at the error budgets of 0, , we see 
three main impediments - the laser pulse width (typically 
70-100 ps now), the detector response, (about 30-50 ps 
now), and the time-to-digital (TDC) converter, about 15 
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FIG. 6: Response of A11/A14 retro-reflector convolved with different system resolutions 



ps now. 

Clearly the first order of business is to reduce the width 
of the laser pulses. Fortunately this is a well known tech- 
nology. High peak power is very useful in many laser 
experiments, and lasers that seek high peak power do so 
by using very short pulse lengths ( a 1 joule pulse that is 1 
ps long has a peak power of 1 terawatt). Therefore lasers 
similar to existing equipment, but with shorter pulses, 
can be bought off the shelf 0, . These lasers have 
energies of lOOmj or more per pulse, repetition rates of 
about 10 shots per second, and pulse widths of well under 
a ps. 

However, this straightforward approach will likely suf- 
fer from practical problems, such as destroying mirror 
coatings with the high power (terawatt peak) pulses. 
Therefore it makes sense to move to KHz laser pulse 
rates, to keep peak power under control. If we make 
the pulse 100 times narrower, but shoot 100 times more 
often with pulses with 100 times less energy per pulse, 
then the peak power and the number of returned pho- 
tons should be unchanged. Also, many timing methods, 
including the one proposed in the next section, cannot 
take advantage of multiple photons per pulse. Therefore, 
especially with a large mirror and good seeing, KHz rep- 
etition rates using less powerful pulses would be helpful. 

One concern is that with very short pulses, the ex- 
act wavelength becomes uncertain. This seems manage- 
able, since the shortest pulse that might be useful here 
(perhaps 1 ps) only has a spread in wavelength of about 
0.3nm. This is comparable to the widths of the narrow- 
est filters used in existing systems and should not create 
a problem. 

Some existing satellite ranging stations (such as Graz) 



have already moved to shorter pulses at higher repetition 
rates, so the problems are certainly solvable. 

With a KHz pulse repetition rate, if the pulse repe- 
tition rate is fixed, sometimes the round trip delay will 
be exactly a multiple of the repetition rate. In this case 
the incoming pulse arrives just as the outgoing pulse de- 
parts, resulting in a host of technical difficulties. How- 
ever, this can always be avoided by changing the repeti- 
tion rate slightly. For example, the round trip time will 
be 2.5 seconds exactly when the telescope and reflector 
are 374740.572 km apart. This happens twice a month 
as the moon passes from apogee to perigee and back. At 
this distance, if the telescope launches pulses at exactly 
a 1 KHz rate, then the outgoing pulse will launch just as 
the return from the shot 2500 pulses ago comes in. Since 
the outgoing pulse is roughly 10"'^^ times stronger, this 
is likely to cause interference. The solution is to mod- 
ify the pulse repetition rate slightly. If we change the 
repetition rate to 2499.5/2.500 = 999.800 Hz, then the 
round trip becomes a half integral number of pulses, and 
the returns are neatly sandwiched between the outgo- 
ing pulses. Changing the repetition rate is possible with 
existing short pulse technology since the pulses to be am- 
plified are picked out of a train of much higher repetition 
rate by a high speed optical switch. 



Higher resolution detectors and timers 

The next problem is faster detectors. This is a harder 
task. The fastest single photon detectors reported in the 
literature, even in the laboratory, have about an 18 ps 
rms jitter. The timing precision can be improved by 
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sacrificing sensitivity (such as the IWF work above) but 
these techniques are not useful for lunar ranging - the 
photons are too precious. Timers are also a problem, 
but one that appears more easily solved - although the 
ones used for LLR are about 15ps rm jitter, better ones 
are known. The Pico-Event Timer, used by the SLR 
community, has 1.2 ps resolution and 3 ps jitter[l3. 

However, an alternative approach could get around 
both the diode response and timer problems simultane- 
ously. The basic idea is to time (rather than space) mul- 
tiplex an array of fast single photon photo-diodes. If the 
optical beam dwells for 1 ps on each diode, for example, 
then a simple determination of which diode was triggered 
measures the incoming photon time to a ps. 

What can be used to scan a light beam over an ar- 
ray of diodes at a sufhcient rate and with high optical 
throughput? A lithium niobate crystal in a time vary- 
ing electric field can deflect a light beam from side to 
side at a quite high rate. For example, shows an 
example of a linearized uni-directional deflector working 
at 15 GHz. Simple sine wave deflection at the same rate 
is correspondingly easier. Two crossed deflectors, with 
the appropriate phase shift, will move a light beam in 
a circle at the same 15 GHz rate. Then if we cover the 
circle with 64 photo-diodes, presumably SPAD devices, 
the beam dwells on each diode for 1 ps. When a photon 
comes in, it will trigger one of the 64 diodes. A con- 
ventional TDC, or cycle counting, can then identify the 
cycle, and which photo-diode tells which ps within the 
cycle. If the pulses are short, as proposed here, this tech- 
nique cannot handle multiple photons per pulse - with 1 
ps pulses, any multiple photon pulses would all hit the 
same SPAD, and only the first would trigger it. 

This architecture, combined with short pulse widths, 
seems to lend itself to very accurate pulse travel time 
measurements. First, with a short enough pulse (where 
short enough means less than the dwell time on one photo 
diode), there is little problem with which photon within 
a pulse triggers the outgoing time measurement. With 
this scheme you could allow perhaps 20-30 photons from 
the outgoing pulse to hit the timer, so almost all out- 
going pulses will have an accurate launch time. Next, 
the launch-return time is measured as an integral num- 
ber of cycles, plus a time within the cycle depending on 
which detector responds. Both of these are unambiguous, 
down to the ps level. The remaining source of uncertainty 
is how well the microwave oscillator holds its frequency 
during the travel time of the pulse. Modern microwave 
resonators'!^ have instability of 10~^^ over a few second 
interval, and so would induce less than a ps of variance 
over the few second travel time. 

This timing architecture has some other advantages 
not exploited here. If used with longer pulses, this scheme 
can also count each of multiple photons per pulse, as 
long as there are fewer than about 8 per 64 ps. This is 
similar to the use of SPAD arrays by Apollo, but using 
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FIG. 7: Single photon detector with ps resolution. This is 
a very simplified conceptual diagram - for example, the elec- 
trodes would need to be traveling wave structures to keep 
the E field in phase with the photon as it moves through the 
crystal. See [igl for more realistic details. 



temporal rather than spatial multiplexing. If used on 
an astronomical source where photons arrive randomly, 
it could count them at up to 64 times the rate possible 
with a single SPAD, and with better time resolution. 



SIMULATIONS 

We assume throughout the experiments that the exact 
orientation of the reflectors is known. This is not cur- 
rently the case, but if the corner cubes can be resolved, 
it should be possible to determine the reflector orienta- 
tions by watching the transfer functions over a wide range 
of lunar libration angles. 

Two strategies were simulated. The first simplistic 
strategy just collects N photons, and examines the fit. 
If the fit is good and unambiguous, a normal point is 
generated, otherwise the data is discarded. This scheme 
would not be used in practice, since it wastes photons, 
but it's easy to analyze. 

The second strategy, an adaptive one, measures pho- 
tons one at a time, until mm accuracy is achieved and 
there is only one plausible fit. This is declared a normal 
point and then the next measurement starts. Each nor- 
mal point may consist of a different number of photons. 
If there is little or no structure to the return transfer 
function, this reduces to averaging. But if we can resolve 
structure in the return, often many fewer photons will 
suffice. 

Each measurement is simulated as follows. First, for 
each photon, we pick a corner cube. Then we pick a 
return time by adding in a random amount, chosen to 
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match the distribution of the system response (here as- 
sumed to be gaussian). This gives an arrival time for 
each of the N photons. Then we examine the goodness 
of fit to the ideal profile computed for that reflector at 
that time. (Such an ideal profile is shown in figure El for 
example) . 

SIMULATED RESULTS 

First, look at the N photon case. We find two kinds 
of errors can creep into the fitting process. 

In the first case, we can have a measurement that is 
very accurate, but ambiguous. As an example, imagine 
the All array seen with the north-south angle equal to 
zero, and the east-west angle near its maximum. In this 
case only the column hit determines the delay. In the 
fixed number of photon case, it is possible that none of 
the N photons is reflected from either the first or last 
column (or both). In this case the fit is good but am- 
biguous - an (almost) equally good fit can be obtained by 
shifting the response one column. For this simple case, if 
N photons hit m columns at random, the probability p 
that the first, or last, or both are empty is 

\ m J \ m J 
In the second case we can simply be unlucky with our 
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FIG. 8: Number of good measurements per 1000 photons (Y 
axis) as a function of number of photons in a measurement (X 
axis). The upper curve is an optimistic guess requiring only 
at least one photon from the first and last columns. The lower 
curve also requires a clearly unambiguous fit. Note that above 
about 25 photons, the only significant source of ambiguous fits 
is missing first/last columns. 



photon statistics, and no fit is particularly good. This is 
quite common with small numbers of photons, particu- 
larly if the attainable contrast is not high. We discard 
these points as well. 

After some experimentation, we used the following 
heuristic - first, find the best fit, and measure its width 
to determine the precision. Then look for other plausi- 
ble solutions. If there is any other solutions, more than 
2 standard deviations away and more than 20% as good 
(measured as probability) then we rejected that measure- 
ment as ambiguous. This test catches all the missing 
first/last column cases above, and others where the right 
solution is hard to discern because of the small number 
of data points. 

The simulations were done with a 10 ps system re- 
sponse and the All reflector. Above about 25 photons 
(with the parameters of the experiment) the odds of a 
plausible but wrong fit become negligible, and the bad 
solutions are dominated by the missing first /last column. 
As iV, the number of photons per measurement, increases 
we get fewer N photon trials per 1000 photons, but each 
trial is less likely to suffer from ambiguity or the missing 
first/last column problem. This tradeoff is shown in Fig. 
IHl where we show the number of normal points obtained 
per 1000 measured photons. (7.7 degrees east libration, 
north/south libration, 10 ps system response, Apollo 
11 reflector) For this (very good) case the sweet spot is 
about 20-30 photons per measurement. 

Results with the adaptive algorithm 

The remaining experiments were done with the adap- 
tive algorithm. This is more likely to be used in practice 
since it does not waste precious photons. The simula- 
tions were done with a 10 ps system response, the three 
different retro-reflector designs, and a range of misalign- 
ments. 

There are several questions that naturally arise from 
this technique. How often, and by how much, does this 
technique really help? How often, during each lunar 
month, will we find the refiector at 'good' positions? To 
attempt to answer these questions, we created a contour 
plot showing the gain compared to the existing tech- 
niques. Since the reflectors are different, there is one 
plot per reflector type (three in all). Superimposed on 
this plot are three 'typical' libration trajectories, with 
marks a day apart, to help visualize how long the moon 
stays in a particular part of the plot. Because the moon's 
perigee precesses with an 8.5 year period, the phase be- 
tween the North-South and East- West librations can as- 
sume any value from completely in phase to completely 
out of phase. Three libration trajectories are plotted on 
the diagram - in phase, out of phase (90° offset), and a 
45° offset. 

The biggest gains are observed with the Lunakhod re- 
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TABLE III: Lunakhod results. Number of photons needed 
as a function of East- West libration in degrees (horizontal) 
and North-South hbration (vertical). Results are shown as 
A/B/C, where A is the number of photons needed (on the 
average) with short pulses and fitting. B is the number of 
photons needed with short pulses and averaging, and C is the 
number of photons needed with system responses similar to 
existing facilities (about 50 ps). 



fleeter, as shown in table 11111 and Fig. |51 Fewer than 
30 photons are needed for mm precision for any libra- 
tion angles. At good angles, many fewer yet will do. For 
comparison, raw averaging often takes 100 photons or 
more, though short pulses alone could help this since the 
reflector is physically small. 

The next best gains are obtained with the All and 
A14 reflectors, as shown in table II Vl and Fig^| A factor 
of 2 over pure averaging is in general possible, with much 
higher gains when one of the two libration angles is near 
(which generally happens 4 times per month). Fewer 
than 150 photons are needed for mm precision for any 
libration angles. At good angles, many fewer yet will do. 

Table IVI and Figllllshows the improvement for the A15 
reflector. This reflector shows the least improvement, due 
to its close packed layout, although fltting is still always 
better than averaging. The main exception is for very 
large East- West librations, where the improvement is a 
factor of 30 or so. This is because just one photon in the 
flrst and last column of the array serve to bracket the 
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TABLE IV: A11/A14 resuhs. Results are shown as A/B/C, 
where A is the number of photons needed (on the average) 
with short pulses and fitting. B is the number of photons 
needed with short pulses and averaging, and C is the number 
of photons needed with system responses similar to existing 
facilities (about 50 ps). 



response and hence determine the centroid. The gap in 
the reflector also helps in this case, by providing an extra 
'first' and 'last' column. 



EXPERIMENTAL VERIFICATION AND 
FUTURE POSSIBILITIES 

How can these techniques be tested? Existing LLR sta- 
tions may be able to image the largest single feature, the 
gap between the panels of the Apollo 15 retro-reflector, 
when seen at large East- West libration and zero North- 
South libration. This depends on the exact size of the 
gap, which is not clear from any documentation the au- 
thor could find. 

A more thorough conceptual test could be arranged 
relatively easily, by ranging a model of one of the lunar 
retro-reflectors mounted several km from a state of the 
art SLR station (the SLR stations tend to have faster 
system responses than the LLR stations). Presumably 
it will be necessary to attenuate the return to the single 
photon per shot level, to avoid blocking the detector with 
the flrst returned photon. Under these conditions, exist- 
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FIG. 9; Plot of gain as a function of libration angles for the Lunakhod reflector. The contours show the gain (in photon number) 
over a conventional approach using averaging and a 50 ps system response. The portions of ellipses are 'typical' librations, 
shown where the apogee/perigee and North/South librations are in phase, out of phase, and halfway between. The diamonds 
are one day apart on these curves. 



ing SLR stations should be able to resolve the individual 
corner cubes in the reflectors. The station at Graz, for 
example, reports a 20 ps or better system rms at the sin- 
gle photon level|20j. This is more than good enough to 
resolve the Lunakhod reflector at realistic tilts, and the 
Apollo 11/14 reflectors could be resolved if larger tilts 
are used for the sake of easy experimental testing. Then 
given the measured timing for a number of photons, it 
would be easy to try the fitting procedure used here, and 
see if it works. 



Though much easier said than done, it appears the 
Graz station laser, detector, and timers, if coupled with 
a larger telescope, could routinely resolve the Lunakhod 
reflector. 



If experiments prove positive, it might make sense to 
think about upgrading the the lunar ranging stations. 



CONCLUSIONS 

We have outlined a technique that may be able to give 
more accurate lunar ranges with fewer photons - dramat- 
ically fewer in some cases. The necessary technical im- 
provements seem to be within reach, although not easy. 

This approach is complementary to traditional efforts. 
It works best at large libration angles, where traditional 
averaging is weakest. It works best on reflectors with the 
largest spacing, not those with the largest areas. Finally, 
it relies on high tech lasers and timing to get mm class 
results, rather than large apertures and excellent seeing. 
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FIG. 11: Plot of gain as a function of libration angles, for the A15 reflector. The contours show the gain (in photon number) 
over a conventional approach using averaging and a 50 ps system response. The portions of ellipses are 'typical' librations, 
shown where the apogee/perigee and North/South librations are in phase, out of phase, and halfway between. The diamonds 
are one day apart on these curves. 
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TABLE V: Apollo 15 results. Results are shown as A/B/C, 
where A is the number of photons needed (on the average) 
with short pulses and fitting. B is the number of photons 
needed with short pulses and averaging, and C is the number 
of photons needed with system responses similar to existing 
facilities (about 50 ps). 
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